On the day of proestrus in the rat, rising plasma levels of estradiol (E) act in concert with progesterone (P) to trigger a preovulator y release of gonadotropins. Cellular levels of galanin mRNA in GnRH neurons are increased in association with the proestrous surge of gonadotropin secretion; however, the relative contribution made by E and P to the induction of galanin mRNA expression in GnRH neurons is unknown. We investigated the role of E and P in the induction of galanin gene expression in GnRH neurons by examining the effects of different combinations of E (estradiol benzoate; 50 mg and P (5 mg)) on the LH surge and the concomitant induction of galanin mRNA in GnRH neurons. We sacrificed ovariectomized adult rats after 1 of 4 treatments: Group 1: vehicle control (n=6); Group 2: P alone (n= 7) Group 3: E alone (n=7); Group 4: combined E/P (n=6); the animals were killed at 18.00 h at the time of the LH surge. The brains from these animals were processed by double-label in situ hybridization to allow measurement of galanin mRNA levels in GnRH neurons. GnRH neurons were identified with a digoxigenin-labeled cRNA probe for GnRH mRNA, and galanin mRNA was detected and measured simultaneously with an 35S-labeled cRNA probe coupled with computerized grain counting. Estimation of cellular levels of GnRH mRNA was accomplished with single-label in situ hybridization, an 35S-labeled GnRH cRNA probe and computerized grain counting. We observed a 3-fold induction of galanin mRNA in the GnRH neurons of animals treated with E alone compared with those treated with the vehicle alone (vehicle: 13±2 vs E: 42±4 grains/cell (g/c); P<0.01); LH levels in the E-treated animals were elevated, albeit moderately, with respect to the vehicle controls. Compared with vehicle-treated animals, those treated with the combination of E and P showed a 5-fold induction of galanin mRNA in GnRH neurons (68±9 g/c), which was significantly (P<0.01) greater than that observed in the animals treated with E alone; in addition, the magnitude of the LH surge was much greater (P<0.05) in the E/P-treated group compared with the E alone group. In contrast, compared to the vehicle controls, animals treated with P alone (15±2 g/c) showed no discernable effect on galanin mRNA levels; moreover, no LH surge occurred in the P alone group. Neither the number of identified GnRH cells nor their content of GnRH mRNA differed significantly among the experimental groups (GnRH mRNA signal: vehicle controls: 153±6 vs E: 159±6 vs E/P: 153±3 vs P: 148±8 g/c). We conclude that while E is the primary ovarian signal inducing galanin mRNA expression in GnRH neurons and the LH surge itself, P plays a facilitatory role in both of these processes.
In the rat, beginning on the day of diestrus and continuing pin secretion (3, 4 ) . While the basic endocrine aspects of this so-called positive feedback event have been carefully defined over through proestrus, a rising tide of estradiol (E ) serves as the proximate signal eliciting the preovulatory surge of LH (see ( 1) the past 50 years, the molecular and cellular underpinnings of the process are less well understood and are currently the subject for review). Progesterone (P) facilitates the action of E by enhancing the magnitude of the LH surge and honing its occurof detailed investigation. A strong case can be made for the concept that galanin plays rence to a narrow window of time during the late afternoon and early evening hours of proestrus. The targets for the action of a critical role in the ability of GnRH neurons to generate the preovulatory surge of gonadotropins. First, galanin is colocalized these sex steroids include neurons in the hypothalamus and forebrain, which transduce the steroid signals and relay them to in a subset of GnRH neurons that are either identical to or reside nearby GnRH neurons that become transcriptionally activated gonadotropin-releasing hormone (GnRH ) neurons (2 ) . In response, GnRH neurons become activated and secrete GnRH, during proestrus (5, 6) . Second, galanin mRNA and galanin peptide in GnRH neurons are induced in association the proestrthus serving as the final common pathway through which the brain initiates and supports the preovulatory surge of gonadotroous LH surge ( 7, 8 ) . Third, galanin administered into the cerebral ventricles stimulates the release of LH through a mechanism that may involve the release of GnRH ( 9, 10), and fourth, pharmacological blockade of galanin's action on proestrus inhibits the proestrous-induced LH surge (11, 12 ) . Together, these observations attest to the functional significance of galanin in the neuroendocrine reproductive axis but leave unresolved many aspects of its regulation by steroid hormones. One unresolved problem is defining the relative role of E and P in the induction of galanin expression in GnRH neurons during the proestrous surge of LH. We know that treatment of ovariectomized rats with a combined regimen of E and P elicits both an LH surge and induces the expression of galanin mRNA in GnRH neurons ( 13); however, the relative contributions of the two sex steroids to galanin induction is unknown. We tested the hypothesis GnRH neurons. Using double-label in situ hybridization and in GnRH neurons throughout the forebrain and rostral hypothalamus in computerized imaging, we compared levels in galanin mRNA in groups of adult ovariectomized rats under different treatment regimens.
GnRH neurons in groups of ovariectomized female rats treated (Galanin mRNA levels were measured in all GnRH neurons identified on every 4th section cut throughout the brain.) The 4 groups were vehiclewith E alone, P alone, or a combined regimen of E and P and treated animals (controls; n=6), progesterone-treated animals (n=7), report that P facilitates the E-induced increase in galanin mRNA estradiol-treated (n=7), and estradiol plus progesterone-treated animals in GnRH neurons.
(n=6).
Results
GnRH neurons were clustered in the anterior hypothalamic area (AHA), horizontal and vertical limbs of the diagonal band of Serum LH levels Broca ( DBBH and DBBV, respectively), the medial preoptic area Serum LH concentrations for all experimental groups are dis-(MPOA), the median preoptic area ( MnPOA), the lateral preopplayed in Table 1 . In the vehicle-treated animals, serum levels of tic area (LPOA), organum vasculosum of the lamina terminalis LH were within the normal range for ovariectomized rats. In (OVLT ), and the medial septum (MS ). animals treated with E alone, serum levels of LH were increased Galanin mRNA in GnRH neurons in vehicle-treated controls by 40% compared to vehicle-treated controls, indicating the was detectable, but uniformly low, in all anatomical areas (13±3 presence of an LH surge. [LH levels would have been suppressed grains/cell; Figs 1 and 2). E increased galanin message levels in by E treatment if an LH surge had not occurred ( 14) .] In animals GnRH neurons approximately 300% over that of controls treated with P alone, LH levels were similar to those in the (P<0.001; Figs 1 and 2 ). The increase in galanin mRNA content vehicle-treated group; this observation is consistent with previous was most pronounced in GnRH neurons located in the more reports that P alone does not affect LH secretion in ovx rats caudal section of the DBB and the preoptic area. In contrast to (15). Treatment with the combined E/P regimen induced a nearly the effect of E, galanin message levels in GnRH neurons of 3-fold increase serum LH levels in 6 of the 7 animals in this P-treated animals were not significantly different from vehiclegroup, which approximated the magnitude of a normal proestrous treated controls (Figs 1 and 2 ). However, when P was combined LH surge. (One animal in this group failed to show the expected with E treatment, galanin mRNA content in GnRH neurons was LH surge and was excluded from the group by this criteria;
increased by approximately 5-fold over that of vehicle-treated however, the brain from this animal was processed for doublecontrols (P<0.001; Fig. 1 ) and was approximately 40% higher label in situ hybridization and results of the tissue analysis from than in animals receiving E alone ( Figs 1 and 2 ). (In the single this animal is reported in the following section.)
animal that did not show a surge-like increase in LH following E/P treatment, galanin mRNA levels were low (~9 grains/cell ) Levels of galanin-mRNA in GnRH neurons and indistinguishable from those of the vehicle-treated controls.) GnRH-mRNA containing cells could be readily identified in all
The overall distribution and intensity of grain clusters representing groups of animals and were shown to be distributed throughout galanin mRNA in non-GnRH neurons was not subjectively the basal forebrain in a fashion previously well described (16 ). different among the groups. However, it is important to note that galanin is widely expressed in a heterogenous population of T 1. Plasma levels of LH in all Experimental Groups. Details neurons throughout the brain, and possibly significant changes on Treatment Paradigms can be found in the Material and in galanin expression within small subsets of this large population Methods Section. Values are Expressed as Mean±SEM.
would likely be diluted in an analysis lacking a more specific taxonomical criterion, i.e. beyond the fact that they expressed LH (ng/ml ) galanin.
Vehicle alone (n=6) 21±5 Progesterone alone (n=7) 18±2
GnRH mRNA content in GnRH neurons
Estradiol alone (n=7 ) 30±4
There were no significant differences among the experimental Estradiol+Progesterone (n=6) 56±15* groups in cellular levels of GnRH mRNA, based either on an overall analysis ( (data not shown). All GnRH mRNA-containing neurons were counted in every 4th section cut throughout the brain; the number of GnRH neurons did not differ significantly among the experimental groups (data not shown).
Discussion
In the present work, we have shown that pharmacological treatment of ovariectomized animals with E alone induces the expression of galanin mRNA within GnRH neurons and that P enhances this action, but is ineffective when administered by itself. These observations confirm and extend the earlier report of Brann and his colleagues who demonstrated that total hypothalamic content of galanin mRNA is increased following E and P priming of an LH surge, which is enhanced by P, whereas P alone is regimens. The 4 groups were vehicle-treated animals (controls; n=6), progesterone-treated animals (n=7), estradiol-treated (n=7), and estraineffective. We have previously shown that conditions that lead diol plus progesterone-treated animals (n=6). (GnRH mRNA levels were to an LH surge (spontaneous and E/P-evoked ) also induce measured in all GnRH neurons observed in every 4th section cut galanin gene expression in GnRH neurons, whereas physiological throughout the brain. There were no differences among the groups in the and pharmacological factors that block the LH surge prevent this number of GnRH neurons identified either overall or as a function of their anatomical location. See text for details.)
induction (8, 13, 18, 19). Taken together, these observations underscore the fact that galanin mRNA expression in GnRH generation of an LH surge? It is conceivable that galanin cosecreted with GnRH acts at the pituitary to facilitate the action of neurons is tightly coupled to the occurrence of an LH surge.
While our results demonstrate a stimulatory effect of E on GnRH ( 38) . There is also indirect evidence to suggest that galanin acts presynaptically on GnRH nerve terminals. First, galanin is galanin in GnRH neurons, the chain of events leading to this effect is still a matter of speculation. It is unlikely that this effect capable of stimulating the release of GnRH from hypothalamic fragments ( 10), and second, galanin binding sites are densely is due to a direct action of E on GnRH neurons, as these cells do not appear to express the classical E receptor (20). Although concentrated in the median eminence ( 39) . Currently, evidence would seem to favor a presynaptic effect of galanin on GnRH it is conceivable that either low levels of E receptor expression in GnRH neurons have gone undetected or that GnRH neurons neurons as its primary mode of action, as opposed to acting on a target in the anterior pituitary gland. The reasoning here derives express cell surface receptors for ( 21-23), the weight of evidence suggests that a population of interneurons receives the E signal from three observations-one that provides a precedent for galanin acting presynaptically elsewhere in the nervous system and two and relays this information to GnRH neurons through some unidentified neurotransmitter system(s) (e.g. GABA, (24); NPY, others that argue against the logic of a pituitary site of action for brain-derived galanin. First, galanin is a cotransmitter with (25). In response to stimulation by the steroid-sensitive interneurons, GnRH neurons become transcriptionally activated, as acetylcholine in a septal-hippocampal projection pathway and is thought to act as presynaptically to modulate acetylcholine secrereflected by the induction of the immediate early gene products, FOS and JUN (26-28 ). Temporally linked with the appearance tion (40, 41) . Second, the anterior pituitary itself produces considerable quantities of galanin ( 42, 43) , making it difficult to of FOS and JUN, cellular levels of galanin mRNA in GnRH neurons are also increased, and anatomical comparisons suggest conceive how minute amount of galanin reaching the pituitary from the portal circulation could have a significant impact on that it is the identical population of GnRH neurons that expresses both FOS and galanin (8 ). There are elements on the 5∞ flanking pituitary function. Third, at least one other population of hypophysiotropic neurosecretory cells is known to coexpress galanin: region of the galanin gene that have the ability to bind members of the FOS/JUN family of transcription factors ( 29, 30) , and it growth hormone-releasing hormone (GHRH )-secreting neurons (44, 45 ). Galanin transported in the hypophyseal portal circulawould seem reasonable to infer that upon activation by the steroid-sensitive interneurons, GnRH neurons begin to express tion would presumably reflect the combined secretion from both GnRH and GHRH neurons, each with different target cells in the transcription factors, FOS and JUN, which in turn activate these elements on the galanin gene and induce its expression (31) .
the anterior pituitary. Given this fact, it is difficult to conceive how the target cells for GnRH and GHRH, the gonadotrope and The action of P on galanin gene expression may be direct upon the GnRH neurons themselves, since at least in the brain of the somatotrope, respectively, could decipher the source of galanin acting upon them, if indeed they are both target cells for galanin guinea pig, a small subset of GnRH neurons expresses the progestin receptor ( 32) . Alternatively, a population of interneucosecreted the hypophysiotropic neurons. These considerations aside, it is clear that future studies need to identify the site of rons may receive the P signal and relay this information indirectly to GnRH neurons (33 ) . Studies in a variety of rodent species action for galanin and its physiological significance. In contrast to the effects of E and P on galanin mRNA in have revealed that several distinct populations of hypothalamic neurons express the progestin receptor, including enkephalin-, GnRH neurons, we could adduce no evidence for sex steroid effects on GnRH gene expression. Neither the number of identifib-endorphin-, substance P-, and GABA-containing neurons (34, 35) . E induces the expression of progestin receptors in the able GnRH neurons nor the cellular content GnRH mRNA was altered as a function of any experimental manipulation. These hypothalamus (36) , and studies in the guinea pig brain suggest that E-induced progestin receptors are present exclusively in cells results are in accord with previous observations by our laboratory that fail to reveal any significant alterations in cellular levels of that contain E receptors (37) . The failure of P alone to induce either an LH surge or galanin expression in GnRH neurons may GnRH mRNA, despite marked changes in the steroid milieu (8, 13, 18, 19). Our findings with respect to GnRH mRNA reflect the fact that without E, there can be neither expression of progestin receptor nor initiation of its dependent, down-stream remain in contradiction to the earlier reported work of several other laboratories (46) (47) (48) . A recent report by Petersen and her effects.
Based on these collective observations, a plausible working colleagues suggests that temporal factors and neuroanatomical specialization of the GnRH network may help to reconcile some hypothesis can be drawn to explain how ovarian steroids induce galanin gene expression in GnRH neurons. First, at proestrus in of the disparate results in the literature (49) . Beyond this, we are unable to offer any compelling explanation for these contradictory the rat, a discrete population of E-sensitive neurons becomes activated in response to E, which in turn induces expression of results, beyond the fact that differences in some aspects of the experimental design between the studies could be the source of the progestin receptor in these same cells. With both E and progestin receptors activated by their respective ligands, these the discrepancy. Alternatively, it is conceivable that there is an effect of steroid treatments, but the effect on cellular levels of neurons activate GnRH neurons. This activation induces expression of one or more transcription factors, which leads to induction GnRH mRNA is below the limits of sensitivity of our laboratory∞s current in situ hybridization methodology. In any case, whatever of galanin in GnRH neurons. The fact that pharmacological blockade of synaptic transmission concomitantly blocks the E/Peffect E and P may have on cellular levels of GnRH mRNA, it is relatively small compared to the effect of these steroids on induced LH surge, the appearance of FOS, and the induction of galanin mRNA in GnRH neurons lends credence to this galanin mRNA in the same population of GnRH neurons. In summary, we have shown that E is capable of stimulating postulated sequence ( 13, 26).
Following the induction of galanin gene expression in GnRH LH secretion and inducing expression of galanin mRNA in GnRH neurons and that P facilitates both responses. Although neurons by ovarian steroids, how does galanin participate in the digested with DNAse, and the cRNA probe was separated from unincorpthe physiological relationship between the LH surge and galanin orated nucleotides on a G-50 Sephadex column (Boehringer Mannheim, induction is uncertain, it is clear that these phenomena are Indianapolis, IN, USA). The purified probe was diluted 1540 in hybridizatemporally and quantitatively linked. Based on these and related tion buffer for double-label in situ hybridization. This concentration had studies, we conclude that induction of galanin gene expression in been determined by a test in situ hybridization assay to yield optimal binding conditions. Both probes were heat-denatured before they were GnRH neurons is a requisite step in the pathway leading to the added to the final hybridization buffer.
LH surge in the rat. The control experiments used to validate the integrity, binding kinetics, Simonsen Laboratories (Gilroy, CA, USA). They were housed under and specificity of the digoxigenin-labeled and 35S-labeled galanin probes pathogen-free, temperature ( 20°C ) and light-controlled conditions have been previously described ( 52, 53). The specificity of the riboprobes (alternating light-dark cycle with 14 h light, 10 h dark, lights on at was tested by application of sense probes, competitive administration of 07.00 h). The animals were given free access to tap water and rat chow.
35S-labeled
excess unlabeled probes with labeled probes, and pretreatment of tissue The rats were handled daily for one week prior to ovariectomy and the with RNAse. steroid treatments. Ovariectomy was performed under ether anesthesia and the animals were allowed to pass through 21 days before start of the Double-label in situ hybridization steroid injections.
The method used for double-label in situ hybridization has been published Experimental Design previously ( 53). In brief, sections were fixed in 4% paraformaldehyde and treated with 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min. We tested the hypothesis that P facilitates the E-induced LH surge and
The slides were rinsed in 2× SSC (1× salt-sodium citrate solution= the expression of galanin mRNA in GnRH neurons. We approached this 150 mM NaCl and 15 mM Na citrate), dehydrated through a graded by administering either E or P alone or in combination to chronically series of ethanol, delipidated in chloroform, rehydrated in a second ovariectomized rats ( 21 days after ovariectomy). Four groups of ovariectoethanol series, and air-dried. The tissue sections were prehybridized for mized rats were used. The first group (n=6 ) received a subcutaneous 2 h at 60°C with hybridization buffer containing 2 mg/ml denatured total (s.c.) injection of peanut oil (0.2 ml) on day 1 at 10.30 h and on day 2 at yeast RNA, rinsed in 2×SSC, dehydrated briefly in 70% ethanol, and 12.00 h (vehicle control group ). The second group ( P alone; n=7) air-dried. The final hybridization buffer containing both probes was received the vehicle injected on day 1 at 10.30 h and P ( 5 mg in 0.1 ml in applied (60 ml/slide) to the tissue, covered with a Parafilm coverslip and peanut oil, sc; Eli Lilly and Co., Indianapolis, IN, USA) administered on sealed with rubber cement. The slides were incubated in humid chambers day 2 at 12.00 h (P-alone group). A third group ( E alone; n=7) was overnight at 60°C. The next day, the tissue was treated with RNAse-A injected with estradiol-benzoate ( EB, 50 mg dissolved in 0.2 ml peanut oil, and washed with increasing stringency, including a wash at 65°C in sc; Sigma, St. Louis, MO, USA) on day 1 at 10.30 h followed by vehicle 0.1×SSC. Slides were then placed in 2×SSC plus 0.05% Triton X-100 injection on day 2 at 12.00 h. A fourth group ( E/P; n=7) was primed containing 2% normal sheep serum ( NSS) for 1 h. They were washed in with EB (50 mg, s.c.) on day 1 at 10.30 h and received P ( 5 mg, s.c.) on buffer 1 (100 mM Tris-HCl pH 7.5, 150 mM NaCl ) and incubated for day 2 at 12.00 h (E/P-treated group). All animals were killed between 4 h at 37°C with anti-digoxigenin antibody fragments conjugated to 18.00 and 19.00 h by asphyxiation with CO 2 immediately followed by alkaline phosphatase ( Boehringer Mannheim, Indianapolis, IN, USA) decapitation. Trunk blood was collected, centrifuged, and stored at diluted 151000 in buffer 1 containing 1% NSS and 0.3% Triton X-100. −20°C until assayed for serum LH levels. The brains were rapidly After washing, the slides were incubated in a chromagen solution for 6 h removed, frozen on dry ice, and stored whole at −80°C.
at 37°C. The reaction was stopped and the slides were air-dried and Tissue preparation stored in the dark. After overnight dry, the slides were dipped in a 3% solution of parlodion ( Fisher Scientific, Fair Lawn, NJ, USA) in isoamyl Immediately before slicing, the brains were allowed to equilibrate in the acetate, to prevent chemographic artifacts in the autoradiographic steps. cryostat chamber at −20°C. Coronal brain slices ( 20 mm) were cut with
The slides were air dried, dipped in Kodak NTB-2 photographic emulsion a cryostat, thaw-mounted onto polylysine-coated slides ( Fischer Scientific, and then stored dried in light-tight boxes at 4°C. The slides were allowed Fair Lawn, NJ, USA), and stored in air-tight boxes at −80°C until to expose for 10 days, were then developed and cover-slipped. needed. Tissue was collected according to the rat atlas of Paxinos and Watson (50) , beginning rostrally at the genu of the corpus calossum and Single-label in situ Hybridization continuing caudally 60 mm beyond the decussation of the anterior commisFollowing the identical protocol than for double-labeled in situ hybridizasure. The tissue slices were collected on 4 sets of slides, placing every tion, slides were fixed in 4% paraformaldehyde, washed in phosphate fourth slice into a given set.
buffer ×2, triethanolamine with 0.25% acetic anhydride, rinsed in 2×SSC, cRNA probe preparation dehydrated in increasing concentrations of ethanol, and delipidated in chloroform. Following 2 h prehybridization in hybridization buffer with 35S-labeled galanin cRNA probe. The plasmid vector Bluescript containing transfer RNA, hybridization was carried out at 60°C for 18 h in a cDNA complimentary to rat galanin mRNA ( 51) was kindly provided hybridization buffer, whereby individual slides were incubated with 65 ml by Drs M. Vrontakis and Henry Friesen ( University of Manitoba, medium, and covered with rubber cement-sealed Parafilm for over-night Winnipeg, Canada). The plasmid consisted of a 680 bp segment of rat incubation. Washes in 4×SSC were followed by treatment with RNAse galanin cDNA inserted into the EcoR1 site of Bluescript ( Stratagene, San at 37°C for 30 min, then washes of increasing stringency to 0.1×SSC at Diego, CA, USA). Hind III was used to linearize the cDNA, and the 65°C. The tissue was then dehydrated in ethanol, dipped in emulsion, 35S-labeled antisense riboprobe was generated by use of T7 RNA polyand exposed for 6 days. These slides were counterstained with cresyl merase. The galanin probe transcription reactions had 25% of the total violet to help in identifying cells for final analysis ( 54). UTP as [ 35S] UTP. The final double-label hybridization solution contained a galanin cRNA probe concentration of 0.25 mg/mlΩkilobase.
Semiquantitative analysis of cellular mRNA content Digoxigenin-labeled GnRH cRNA probe. A 462-base pair digoxigeninlabeled cRNA probe complementary to rat GnRH mRNA was used. The Slides were assigned a random three letter code, and then read in random order with an automated image processing system by an operator unaware original plasmid containing the GnRH insert ( 52) was generously provided by Dr A. Mason (Genentech, South San Francisco, CA, USA). The of the animal's experimental group. We determined the number of silver grains per cell using a grain counting program as previously described probe was synthesized in vitro from linearized DNA with 400 mM digoxigenin-11 uridine-5∞-triphosphate (dig-11-UTP, Boehringer 
